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Abstract
Islet-1 is a LIM-homeodomain transcription factor that has been defined to label cardiac progenitor cells of the second heart field. Here we
provide the first analysis of the expression pattern of Xenopus islet-1 (Xisl-1) in the context of cardiovascular development. During early stages of
heart development Xisl-1 is co-expressed with Nkx2.5 in the cardiac crescent in Xenopus supporting the notion of an initially single heart field. At
subsequent stages of cardiogenesis the expression domains of Xisl-1 and Nkx2.5 become more distinct with Xisl-1 being detected more anterior to
Nkx2.5, however both factors continue to be co-expressed in the dorsal mesocardium and pericardial roof of the linear heart tube. The presence of a
cardiac Xisl-1 progenitor pool in an amphibian whose heart lacks an anatomically separated right ventricle is intriguing. Functional analyses show
that Xisl-1 is required for normal heart development. Inhibition of Xisl-1 results in defects in heart morphogenesis and in the downregulation of
early cardiac markers implicating a role for Xisl-1 in cardiac specification. Additionally, Xisl-1 loss-of-function affects the expression of several
vascular markers demonstrating the involvement of Xisl-1 in vasculogenesis.
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Heart formation requires complex, spatially and temporally
orchestrated interactions of multiple signaling pathways.
Cardiac specification occurs during gastrulation and requires
interactions between anterior endoderm and the overlying me-
soderm (Sater and Jacobson, 1989; Nascone andMercola, 1995;
Schultheiss et al., 1995). As a result, mesodermal cells with a
cardiac fate express specific transcription factors in a coordi-
nated manner. Members of various growth factor families
(BMPs, FGFs and Wnts) have been shown to regulate the
expression of these cardiac transcription factors, which include
members of the zinc-finger (GATA-4, -5, -6), homeodomain
(Nkx2.5), and the T-box (Tbx-5, Tbx-20) families (reviewed in:
Harvey, 2002; Brand, 2003; Stennard and Harvey, 2005). In
addition, heart development is characterized by extensive mor-
phogenetic events since the cardiac cells have to move to their⁎ Corresponding author. Fax: +49 731 500 23277.
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The linear heart tube then undergoes major morphological
rearrangements, which place the distinct functional units of the
heart at their proper spatial position to form the multichambered
heart.
The cardiac progenitor cells that give rise to the linear heart
tube derive from the cardiac crescent, which is also termed
primary heart field (first heart field). To form a mature heart, the
linear heart tube needs to expand, which is achieved by cell
division and recruitment of additional cells. In avian and mouse
embryos it was demonstrated that after the formation of the
linear heart tube, cells are added to the arterial and venous poles
(Stalsberg and DeHaan, 1969; Viragh and Challice, 1973; de la
Cruz et al., 1977; reviewed in Buckingham et al., 2005; Kelly,
2005; Moorman et al., 2007). The origin of these cells is now
termed second heart field (SHF) and was originally intended to
describe a cardiac precursor cell population distinct from the
cell population that composes the primary heart field. Recently,
the LIM homeodomain transcription factor islet-1 (isl-1) has
become a popular molecular marker for the SHF.
298 T. Brade et al. / Developmental Biology 311 (2007) 297–310Isl-1 was initially detected in the endocrine cells of the rat
pancreas where it functions as a regulator of rat insulin I
(Karlsson et al., 1990). Also, its expression and function in the
nervous system has been well documented in Drosophila,
mouse, chicken, and zebrafish (Thor and Thomas, 1997; Pfaff et
al., 1996; Korzh et al., 1993; Ericson et al., 1992; for a review
see Bang and Goulding, 1996). Expression pattern analyses of
isl-1 in chick (Yuan and Schoenwolf, 2000) and phenotypic
analyses of mice homozygous null for isl-1 (Cai et al., 2003)
have revealed a previously unrecognized role for this factor in
heart development. In the mouse, isl-1 identifies a population of
cardiac progenitor cells that gives rise to the outflow tract, right
ventricle, some left ventricular cells and also atrial cells. Con-
sistent with this finding, hearts of isl-1−/− mouse embryos are
characterized by missing functional units and looping failure
(Cai et al., 2003). Because of its embryonic expression pattern
and the cardiac defects that arise after its loss of function, isl-1
has been deemed a marker for this second source of cardiac
progenitors. However, the interpretation of different experi-
mental approaches and a varying terminology resulted in non-
uniform definitions for the SHF. Because of this it is debated
whether there is actually a discrete second source of cardiac
progenitors that gives rise to specific components of the heart.
In fact, a more detailed analysis of murine isl-1 expression
shows that isl-1 is expressed in cells that give rise to quite a
variety of cardiovascular lineages (Cai et al., 2003; Sun et al.,
2007). Moreover, using the mouse embryonic stem cell culture
system, multipotent cardiac precursor cells have been described
that are characterized by the combined expression of distinct
transcription factors, for example isl-1 and Nkx2.5, as well as
the endothelial cell surface marker flk-1 (Moretti et al., 2006).
Consistent with the isl-1 expression pattern in mouse embryos,
the multipotent isl-1 positive embryonic stem cells gave rise to
various cardiovascular lineages (Moretti et al., 2006).
The Xenopus islet (Xisl-1) gene has not been characterized
functionally so far but it has been used as a marker gene to study
Xenopus pancreas development (Kelly and Melton, 2000). In
the present report we provide the first detailed description of the
expression pattern of Xisl-1 and explore the role of Xisl-1 in
amphibian heart development. Xisl-1 is expressed in tissues that
have been denoted as SHF in the mouse and hence suggests the
existence of a separate cardiac progenitor cell population in
Xenopus. However, we also show that during neurula stages
Xisl-1 is already expressed throughout the cardiac crescent,
which is the primary heart field in Xenopus. Furthermore, co-
expression of Xisl-1 and Nkx2.5 in the cardiac crescent indicates
the presence of one common heart field at very early stages of
heart development. In loss-of-function experiments we show
that Xisl-1 is required for normal heart development as assayed
by cardiac marker gene expression and histological analyses.
We also present data showing that Xisl-1 is required for
vasculogenesis. The results of our experiments point towards an
important role for Xisl-1 in the complex network of signals
required for proper cardiovascular development in Xenopus.
Most importantly, the presence of a cardiac isl-1 cell population
in an amphibian brings new insight into evolutionary aspects of
heart development.Materials and methods
Embryos
Xenopus laevis embryos were obtained using standard procedures and
staged according to Nieuwkoop and Faber (1967).
Xisl-1 antisense morpholino oligonucleotides (islMO)
The Xisl-1 plasmid used was kindly provided by D. Melton and sequenced
using the DYEnamic ET Terminator Cycle Sequencing Kit (Amersham). The
plasmid contains the complete coding sequence and parts of the 5′ and 3′ UTR.
The sequence was deposited at GenBank under the accession number EF197154.
For the generation of Xisl-1 RNA for microinjection, the cDNAwas subcloned
into the pCS2+ vector using EcoRI/XhoI restriction sites. For rescue experiments
the Δisl-1 construct was generated using the QuikChange Site-Directed
Mutagenesis Kit (Stratagene). This CDNA construct lacks 15 nucleotides of
the islMO binding site. The islMO has the sequence 5′-G GTC TCC CATATC
TCC CATAGC TGT-3′. The function and specificity of the islMO was tested in
vitro using the SP6 coupled transcription and translation assay (Promega).
Whole mount in situ hybridization and histology
For the analyses of cardiac marker gene expression, 8-cell stage embryos
were injected unilaterally with 10 ng islMO or control MO into the dorsal
marginal zone and cultured until indicated stages. Embryos were fixed in
MEMFA (0.1 M MOPS (pH 7.4), 2 mM EGTA, 1 mM MgSO4 and 4% formal-
dehyde) for at least 2 h at room temperature or at 4 °C overnight. Embryos were
dehydrated in ethanol and whole mount in situ hybridization was performed
according to standard protocols (Harland, 1991) using the digoxigenin and
fluorescein labeling reagents (Roche) to synthesize RNA. For histological
analyses after whole mount in situ hybridization, embryos were refixed in
MEMFA for 1–2 h and embedded in a medium consisting of 0.5% gelatine, 30%
BSA, and 20% Saccharose in PBS. Vibratome sections were prepared at 10–
50 μm thickness and coverglass mounted with Aquatex Mounting Media from
Merck.
In vitro mRNA synthesis and explant cultures
To rescue the islMO phenotype experiments capped Δisl-1 mRNA was
transcribed using the SP6 mMessage mMachine Kit (Ambion) and co-injected
with the islMO. For the analyses of cardiac gene expression in dorsal marginal
zone (DMZ) explants, 4-cell stage embryos were injected bilaterally with either
10 ng islMO or 10 ng control MO into the dorsal marginal zone. DMZ explants
were dissected as described previously (Nascone and Mercola, 1995) at the
onset of gastrulation (stage 10) and cultured in 0.5× MBSH until uninjected
control embryos reached stage 14/15 and 28, respectively.
RNA isolation and RT-PCR analyses
Total RNAwas extracted from whole embryos or explanted tissues using the
Purescript RNA Isolation Kit (Gentra). First strand cDNA synthesis was
performed using SuperscriptII Reverse Transcriptase from Invitrogen. The PCR
reaction mixtures were prepared using the MasterAmp PCR Core Kit (Epicentre
Technologies, Biozym) and PCR was performed under standard conditions. RT-
PCR analyses for cardiac marker gene expression were performed using 12–15
single DMZ explants from 2 independent experiments. The following primer
sequences were used to amplify fragments of the indicated marker genes:H4: F
5′-CGGGATAACATTCAGGGTATCACT-3′, R 5′-ATCCATGGCGGTA-
ACTGTCTTCCT-3′; Sox17β: F 5′-TATCAGTCCCAGAAGACGGTC-3′, R
5′-CATGTCACATCCACAAGAGTG-3′; Hex: F 5′-AACAGCGCATCTAAT-
GGGAC-3′, R 5′-CCTTTCCGCTTGTGCAGAGG-3′; Xbra: F 5′-GGATCGT-
TATCACCTCTG-3′, R 5′-GTGTAGTCTGTAGCAGCA-3′; BMP4: F 5′-GC-
ATGTACGGATAAGTCGATC-3′, R 5′-GATCTCAGACTCAACGGCAC-3′;
XWnt11: F 5′-CCGGGTGGCCTGGAATGAGAGC-3′, R 5′-CACAGGCA-
CGCGCAATGGTATGG-3′; GATA4: F 5′-GTGCCACCTATGCAAGCCC-3′,
R 5′-TAGACCCACCCGGCGAGAC-3′; GATA6: F 5′-CCGCTCAGCCTCT-
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GTGTGTGTGGT-3′, R 5′-GTGAAGCGACTAGGTATGTGTTCA-3′; Tbx20:
F 5′-TTCGCTCCCTACTTGTTGCT-3′, R 5′-TTTGTCCCATAGCTCCTTGG-
3′; eHand: F 5′-ACATGATGCCTGATCCCTTC-3′, R 5′-CCAGGCTCACTG-
TCCTTAGC-3′; CA: F 5′-TCCCTGTACGCTTCTGGTCGTA-3′, R 5′-TCTC-
AAAGTCCAAAGCCACATA-3′.
Results
The expression pattern of Xisl-1 indicates a role during heart
development
Since the nucleotide sequence for X. laevis islet-1 has not
been published so far, we have sequenced a Xenopus isl-1
cDNA clone (accession no. EF197154), which was kindly
provided by D. Melton (Kelly and Melton, 2000). The 2123 bp
cDNA insert comprises the complete coding sequence of Xisl-1,
as well as 49 bp of the 5′UTR and 1009 bp of 3′UTR. Sequence
analyses revealed that the Xisl-1 ORF codes for a 354 amino
acid protein, which contains 2 LIM protein–protein interaction
domains and a homeobox DNA binding domain. The two N-
terminally located LIM domains stretch from amino acid (aa) 16
to 70 and aa 78 to 132, respectively (Fig. 1A). The LIM do-
mains are followed by the homeodomain, which is defined by
the amino acid sequence from aa 181 to 243. The sequence of a
Xenopus tropicalis islet-1 clone (accession no. AC149035) isFig. 1. Xisl-1 protein domains and temporal expression pattern. (A) The Xisl-1
ORF codes for a 354 amino acid (aa) protein, which contains two LIM protein–
protein interaction domains and a homeobox DNA binding domain as indicated.
A comparison of the Islet-1 amino acid sequence between different species
demonstrates a high evolutionary conservation. The Isl-1 protein of frog, fish,
chick, mouse and human show a 96–98% overall homology. The overall ho-
mology to the Drosophila Islet-1 protein is only 55%, however the LIM do-
mains and the homeodomain are more conserved with 69–89% homology. The
functional domains of vertebrate Isl-1 are 95% to 100% homologous. (B) RT-
PCR analysis of the temporal expression pattern of Xisl-1. Xisl-1 transcripts are
present maternally at low levels. During late gastrula stages (st.12.5) Xisl-1 is
significantly upregulated and continues to be expressed at similar levels at least
until tailbud stages.available, however the 3′ end of the RNA transcript of this clone
is not represented in GenBank. An alignment of the truncated X.
tropicalis islet-1 protein with X. laevis islet-1 shows a 98%
overall homology. A comparison of the amino acid sequence of
Xisl-1 with isl-1 proteins from different species demonstrates a
high evolutionary conservation of the isl-1 protein (Fig. 1A).
Xisl-1 shares a 97% overall homology to human isl-1 and a 96%
overall homology to zebrafish, chicken, and mouse isl-1. The
overall homology to Drosophila isl-1 is only 55%, however
sequences of the LIM domains and homeodomain show higher
homologies. These are 95% to 100% among the vertebrate isl-1
protein domains.
If Xisl-1 plays a role during Xenopus heart development, its
expression has to correlate in a spatiotemporal manner with this
process. The temporal expression pattern of Xisl-1was analyzed
by RT-PCR using RNAs extracted from whole embryos at
different developmental stages. Xisl-1 transcripts are detected
maternally at low levels (Fig. 1B). Xisl-1 is significantly upre-
gulated during late gastrula stages (st.12.5) and continues to be
expressed at this level at least until mid- to late tailbud stages
(Fig. 1B). The increase in expression during gastrula stages
coincides with the time period when heart induction occurs
(Sater and Jacobson, 1989).
Next, we analyzed the spatial expression pattern of Xisl-1 by
whole mount in situ hybridization with the focus on its
expression in the developing heart. A detailed description of the
Xisl-1 expression domains in the developing nervous system is
provided with Supplementary Fig. 1. After gastrulation, at stage
13, Xisl-1 is expressed in the most anterior region of the
embryo, which includes the primary heart field and the area that
gives rise to the cement gland (Fig. 2A). During early neurula
stages (st.14), the anterior Xisl-1 expression domain expands
dorsally into an area adjacent to the neural plate known to give
rise to the cephalic placodes (Fig. 2B). The strong anteriormost
expression of Xisl-1 persists during neurula stages and in
addition, Xisl-1 transcripts are visible in the profundal–trige-
minal placodal area (Fig. 2C). The crescent-shaped ventral ex-
pression of Xisl-1 is highly similar to the expression of Nkx2.5,
which identifies the cells of the primary heart field (see Fig. 3).
To exclude the possibility that expression of Xisl-1 may be
restricted to the ectodermal layer, we sectioned an embryo
parasagittally. Such a section shows that Xisl-1 is expressed in
the anterior endoderm, in the mesodermal layer underneath the
anterior neural plate, as well as in the epithelial and sensorial
layers of the neuroectoderm (Fig. 2D). At the end of neuru-
lation, Xisl-1 expression has ceased in the forming cement
gland but continues to be expressed in adjacent cells, such as
those delineating the stomodeum and the cardiac crescent (Fig.
2E). The expression of Xisl-1 in the heart region continues into
tailbud stages (Figs. 2F–H). Punctate expression is seen in cells
that have been described as precursor cells of the developing
vascular system (Fig. 2F). XHand2 (dHand) has a very similar
punctate expression pattern that has been ascribed to a subset of
progenitor cells of the vascular smooth musculature (Smith et
al., 2000). Starting at st. 28 the Xisl-1 expression domain
becomes restricted to an anterior and more dorsal domain within
the heart region (Figs. 2G and H). A double in situ hybridization
Fig. 2. Spatial expression pattern of Xisl-1. (A) Xisl-1 is expressed in the anteriormost region of the embryo (shown from an anterior view, dorsal is up) including the
cement gland anlage (asterisk) and the cardiac crescent (arrow). (B) During early neurula stages Xisl-1 expression extends dorsally adjacent to the neural folds
(cephalic placodal area) (arrows). (C) Xisl-1mRNA additionally marks the profundal–trigeminal placodal area. (D) A parasagittal section (anterior is to the left, dorsal
is up) shows the expression of Xisl-1 in the anterior mesendoderm (arrow). (E) At neural tube stages Xisl-1 transcripts are present in the cardiac crescent (arrow) and
are also detected in the stomodeum abutting the cement gland on the dorsal side (arrowhead). Xisl-1 expression is maintained in the cephalic placodes and their
associated ganglia at least until st. 36 (E–K and data not shown). (F) Xisl-1 is expressed in the heart region (arrow). Punctate expression is seen in precursor cells of the
developing vascular system (arrowheads). (G) Xisl-1 transcripts are abundant in the foregut endoderm and pharyngeal mesoderm and expression in the heart region has
become restricted to an anterior domain (arrow); arrowhead points to pineal gland. (H) Co-staining for Xisl-1 (light blue) and Nkx2.5 (dark blue) shows that Xisl-1 is
expressed more anteriorly compared to Nkx2.5. (I–K) Expression of Xisl-1 in the developing heart (asterisk) decreases and becomes restricted to a dorsolateral domain.
aa: aortic arches; IFT: inflow tract; lpm: lateral plate mesoderm; np: neural plate; pPrV: profundal–trigeminal placodal area; gPr: profundal ganglion; gV: trigeminal
ganglion; gVII: ganglia of facial nerve VII.
300 T. Brade et al. / Developmental Biology 311 (2007) 297–310for Xisl-1 (light blue) and Nkx2.5 (dark blue) demonstrates their
relative positions in the heart region (Fig. 2H, see also Fig. 3).
With the beginning of linear heart tube formation (stage 30),
Xisl-1 expression is clearly visible in the meso- and endodermal
tissue overlying the heart tube, as well as in the aortic arches
(Figs. 2I–K). At stages 32 and 34, we see Xisl-1 expression in
the inflow tract of the heart (Figs. 2J and K). Furthermore, at
these stages Xisl-1 is expressed in cells of the lateral plateFig. 3. Characterization of the spatial relationship between the Xisl-1 and Nkx2.5 e
performed to depict the expression domains of Xisl-1 and Nkx2.5 during early heart dev
light blue. Pictures B, G, L, Q show detection ofNkx2.5 transcripts in red. Pictures C, H,
darker, rather purple staining. The asterisk behind a letter denotes images of identical em
relative expression domains of Xisl-1 (blue dots) and Nkx2.5 (red lines) from embryos
demarcate the cardiac crescent, which lies ventrally to the cement gland (arrows in pi
enlargement of the cardiac crescent region of the embryo depicted in picture C. (F–I) At
region (arrow in picture H). (I) A ventral view of the heart region of an embryo to better
tailbud stages. Xisl-1 only (blue) is also strongly expressed in the stomodeal region abutt
Xisl-1 transcripts become restricted to a more anterior domain of the heart region (arrow
arrow points to the domain in which only Nkx2.5 is expressed. Picture N is a ventral v
highlight the Xisl-1 (white lines) andNkx2.5 (black lines) expression domains. The ventr
Xisl-1 in dark blue, in which the gap of Xisl-1 expression (asterisk) marks the region that
posterior domain of the heart. (P–S) At progressive stages Xisl-1 transcripts are detected
documented in transverse sections. (U–X) Anterior to posterior series of transverse se
anterior section (U) Xisl-1 transcripts are localized in two circular domains in the mesod
is detectable. (V) Along the A–P axis, expression of Xisl-1 becomes crescent-shaped in
in the cardiogenic mesoderm (arrows). (X) Further posterior, Xisl-1 becomes restricted
only Nkx2.5 transcripts are detected (white arrow). (Y–Z3) Transverse sections through
throughout the heart tube (myocardium, mesocardium and pericardial roof) is depicted. A
picture Y1. (Y2, Y3) Nkx2.5 (red) and Xisl-1 (blue) expression is seen in the linear hear
detected in the endocardium and in the foregut endoderm (asterisk). The Xisl-1 and N
enlargement Y3). (Z, Z1) TnIc (red) is expressed in differentiated cardiomyocytes of
pericardial roof. The enlargement shows a subsection of these domains (Z1). (Z2, Z3) Tn
the complementary expression domains of TnIc and Xisl-1 from the myocardium, mesoc
myocardium; me: mesocardium; nf: neural fold; np: neural plate; pc: pericardial roof.mesoderm (see also Fig. 8A), which can be associated with
precursor cells of the developing vascular system. We cannot
exclude the possibility that these Xisl-1 positive cells are
involved in pancreas development. However, the Xisl-1
expression domain does not correlate to the expression pattern
of any early pancreatic marker gene and based on histological
analyses the pancreatic buds first become discernable at stage
35/36 (Kelly and Melton, 2000; Chen et al., 2004).xpression domains. Single and double whole mount in situ hybridizations were
elopment in more detail. Pictures A, F, K, P show detection of Xisl-1 transcripts in
M, R show staining for both transcripts with the overlap of expression exhibiting a
bryos. Other embryos were stage matched. Pictures E, J, O depict schematics of the
shown in pictures D, I, and N. (A–D) At neurula stages, both Xisl-1 and Nkx2.5
ctures C, D). All embryos are shown from an anterior view. Picture D shows an
early tailbud stages, Xisl-1 andNkx2.5 expression still overlaps largely in the heart
demonstrate the overlapping expression of Xisl-1 and Nkx2.5 (arrow) during early
ing the cement gland. (K–N) At stage 30 when the linear heart tube begins to form,
head) and the overlapping domain withNkx2.5 decreases (black arrow). The white
iew of the same embryo shown in picture M; head is to the left. The dotted lines
al view of a stage matched embryo depicted in picture T shows a single staining for
expressesNkx2.5 as seen in picture N. The arrow points to Xisl-1 expression in the
in the most anterior part of the heart region and its cardiac expression can only be
ctions of a st. 28 embryo stained for Xisl-1 (purple) and Nkx2.5 (red). In the most
ermal layer (arrows) and in the pharyngeal endoderm (asterisk). NoNkx2.5 staining
the mesoderm. (W) The section reveals an extensive overlap of Xisl-1 and Nkx2.5
to the dorsolateral domain (black arrows). In the ventralmost expression domain
the linear heart tube of st.30 embryos are shown. (Y, Y1) Nkx2.5 expression (red)
subsection of the mesocardium and pericardial roof is shown as an enlargement in
t tube of a st.30 embryo. Xisl-1 transcripts are absent from the myocardium but are
kx2.5 expression domains overlap in the mesocardium and pericardial roof (see
the myocardium. Note the absence of TnIc transcripts in the mesocardium and
Ic (red) andXisl-1 (blue) expression in the linear heart tube of a st.30 embryo. Note
ardium, and pericardial roof, respectively. cg: cement gland; ec: endocardium; mc:
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expression domains
Since Isl-1 is widely used as a molecular marker for cells of
the second heart field and Nkx2.5 is acknowledged as one of the
earliest cardiac markers for the primary heart field, we invest-
igated the domains of Xisl-1 and Nkx2.5 expressing cardiac
progenitor cells in more detail. Double whole mount in situ
hybridizations demonstrate that both transcription factors are
robustly expressed in the cardiac crescent, the primary heartfield in Xenopus, during neurula stages (st.17/18) (Figs. 3A–D).
The rather extensive overlapping expression of Xisl-1 and
Nkx2.5 in the cardiac primordium persists at early tailbud stages
(st.25–28) (Figs. 2H and 3F–I). Beginning at approximately
stage 28, however, the Xisl-1 and Nkx2.5 expression domains
become more distinct from each other with Xisl-1 transcripts
being detected anterior to the Nkx2.5 expression domain and
only partially overlapping along the anteroposterior axis of the
heart field (Figs. 2H and 3K–N). A series of transverse sections
through the anterior part of the heart region of a tailbud stage
Fig. 4. Verification of the specificity of the islMO. The specificity of the Xisl-1
antisense morpholino oligonucleotides (islMO) was verified using the coupled
transcription and translation assay. Addition of the islMO inhibited the in vitro
translation of the Xisl-1 (wt isl-1) transcript (lane 4). The translation of a deletion
construct (Δisl-1) was not inhibited (lane 5). Addition of the standard control
morpholino oligonucleotide (CMO) did not alter the translation of the Xisl-1
transcript (lane 3).
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expression domains of Xisl-1 (dark blue) and Nkx2.5 (red)
(Figs. 3U–X). Most anterior, Xisl-1 transcripts are detected as
two circular domains within the pharyngeal mesoderm adjacent
to the pharyngeal endoderm in which Xisl-1 is also expressed
(Fig. 3U). The two circular Xisl-1 expressing domains become
more crescent-shaped along the anteroposterior axis (Figs. 3V
and W). Slightly more posterior, Nkx2.5 expression becomes
detectable in the cardiac mesoderm and co-expression of both
transcription factors can be seen. The extensive overlap prog-
ressively diminishes towards posterior where Xisl-1 transcripts
become restricted to the dorsolateral region of the Nkx2.5
positive cardiac mesoderm (Fig. 3X). During mid- to late tail-
bud stages (st.30–34) Xisl-1 expression appears to be com-
pletely absent in the developing heart (Figs. 3P–S). However,
transverse sections demonstrate that Xisl-1 transcripts are
confined to a region dorsolaterally to the myocardium, the me-
socardium and pericardial roof (Figs. 3Y–Y3). These domains
are also referred to as the cardiac regulatory field in amphibians
(Dunwoodie, 2007). Cells that reside in these domains do not
express marker genes for terminally differentiated cardiomyo-
cytes, for example, troponin or myosin heavy chain (Figs. 3Z–
Z3) (Raffin et al., 2000). In contrast, Nkx2.5 expression is not
restricted to the working myocardium but extends into the
mesocardium as well and overlaps with Xisl-1 (Figs. 3Y2 and
Y3). It can be hypothesized that during heart tube looping stages
cells from this region enter the myocardium and differentiate
into contractile cardiomyocytes. This restricted expression may
point to a role for Xisl-1 in keeping cells that are not or not yet
part of the contracting myocardium in a cardiac progenitor state.
In fact, combinatorial expression of isl-1 and Nkx2.5 has been
reported to be a characteristic of cardiac progenitor cells in
postnatal rat, mouse and human myocardium (Laugwitz et al.,
2005). Furthermore, the sections reveal that Xisl-1 is present in
the endocardium, a tissue that is part of the embryonic vascular
system (Figs. 3Y2 and Z2). The ventral views of the heart
region (Figs. 3I, N, S, and T) and the schematic representation
of the Xisl-1 and Nkx2.5 expression domains (Figs. 3E, J, and
O) should help the reader to visualize the spatial relationship
between the two transcription factors. Taken together, the
expression of Xisl-1 in the pharyngeal mesoderm and the meso-
cardium is conserved among higher vertebrates and Xenopus
implicating that the Xenopus Isl-1 progenitor population is
homologous to the so-called SHF of amniotes. Additionally,
Xisl-1 is already expressed in the cardiac crescent at early
developmental stages suggesting that Xisl-1 is required for the
proper specification of mesodermal cells towards a cardiac fate.
Xisl-1 loss-of-function affects heart development
To investigate if Xisl-1 functions in Xenopus heart develop-
ment, we performed loss of function studies using antisense
morpholino oligonucleotides against Xisl-1. First, the function
of the Xisl-1 morpholino (islMO) was tested in vitro in a
coupled transcription and translation assay to verify that Xisl-1
translation is indeed inhibited (Fig. 4). In contrast, translation of
a deletion construct of Xisl-1 (Δisl-1) that lacks 15 nucleotidesof the morpholino binding site was not altered. Also, addition of
a standard control morpholino to the reticulocyte lysate had no
effect on the efficacy of wild type (wt) Xisl-1 translation. To
analyze the endogenous function of Xisl-1, antisense morpho-
lino oligonucleotides were injected into the dorsal marginal
region of 4-cell stage embryos. At early tadpole stages gross
morphological defects of the heart become clearly visible in the
majority (approx. 80%) of islMO injected embryos (Fig. 5A).
The defects range from looping failure and enlarged pericardial
cavity to severe heart malformations when the heart is reduced
to a beating nub. To further characterize the morphological
defects, we dissected hearts from stage 42/43 embryos. In
addition to hearts that have not undergone looping, there are
hearts with discernable chambers however the whole organ is
smaller compared to hearts dissected from control morpholino
injected embryos (Fig. 5B). In contrast to hearts of isl−/− mouse
embryos that lack an outflow tract, we still see this segment in
the dissected Xenopus hearts. Although it needs to be noted that
due to the lack of marker genes expressed in the outflow tract, it
is difficult to analyze a possible defect in outflow tract
development in more detail. At earlier stages (st. 37/38) defects
in heart development are visible on a molecular level, for
example by reduced troponin Ic (TnIc) expression observed in
whole embryos after islMO injection (Fig. 5C). This reduction
in staining is the result of a smaller and unlooped heart tube
compared to the heart tube of an uninjected embryo (Fig. 5C). In
summary, the Xisl-1 loss-of-function results clearly demonstrate
that Xisl-1 is required for the normal development of the heart.
Xisl-1 MO affects expression of cardiac marker genes
The heart phenotype seen after islMO injections can arise if
cardiac specification or differentiation of cardiac precursors has
been impaired. To determine if Xisl-1 is required for these pro-
cesses we analyzed the effect of Xisl-1 loss of function on the
expression of cardiac marker genes. Here, 10 ng islMO were
injected unilaterally into the dorsal marginal zone region of 8-
cell stage embryos. At stage 28 when the bilateral heart fields
are transiently visible again, whole mount in situ hybridizations
for Tbx20, troponin Ic (TnIc), and cardiac actin (CA) show that
Xisl-1 is necessary for the normal expression of these genes
since their expression domain is either reduced or in some cases
even absent on the injected side (Fig. 6). The specificity of the
Fig. 5. Xisl-1 is required for normal heart development. (A) At early tadpole stages gross morphological heart defects are clearly seen in whole embryos that have been
injected with 20 ng islMO (arrow); dotted line demarcates the heart in the WTembryo. Embryos exhibit an enlarged pericardial cavity and in the most severe cases the
heart is reduced to a remnant of beating tissue. About 80% of the islMO injected embryos have heart defects (upper bar graph). These defects were further qualified
(lower bar graph). (B) Hearts were dissected from st. 42/43 embryos that have been injected with either islMO or control MO (CMO) to better visualize the
morphological defects. In addition to the obvious phenotype of an unlooped heart tube, there are cases when the heart does undergo looping however it is smaller
compared to a normal heart. Smaller hearts were measured as indicated in the cartoon and the sizes are presented in μm total length in the bar graph. (C) At earlier
stages a heart phenotype in whole embryos injected with islMO is visible by the reduced staining for TnIc. Vibratome sections show that the heart tube is reduced in
size and fails to loop as a result of Xisl-1 loss-of-function. Dotted lines depict section plane. a: atria; oft: outflow tract; v: ventricle.
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cribed from the Δisl-1 deletion construct, whose translation is
not inhibited by the Xisl-1 morpholino. Coinjection of Δisl-1
RNA and islMO restored the expression of the investigated
marker genes (Fig. 6). Additionally, the effect of Xisl-1 loss of
function on cardiac marker gene expression was analyzed by
RT-PCR in dorsal marginal zone explants (DMZ). In con-sistence with the data obtained in whole embryos, inhibition of
Xisl-1 function in DMZ results in a reduction or even loss of
expression of early cardiac genes, such as GATA-4, GATA-6,
Tbx20, and Nkx2.5 (Fig. 7), which suggests an early role for
Xisl-1 during cardiac specification. Another cardiac transcrip-
tion factor, eHAND (Hand1), whose expression overlaps with
Xisl-1 in the dorsal mesocardium and pericardial roof is also
Fig. 6. Xisl-1 is required for cardiac marker gene expression. 10 ng islMO were injected unilaterally into the dorsal marginal zone of 8-cell stage embryos. At st. 28
these embryos were analysed for cardiac gene expression by whole mount in situ hybridization. Xisl-1 loss-of-function results in a reduction or even loss of expression
of the early cardiac gene Tbx20, as well as of the differentiation marker genes Troponin Ic (TnIc) and cardiac-α-actin on the injected side (arrows). The specificity of
the morpholino effect was verified by coinjection of RNA transcribed from the Δisl-1 deletion construct, whose translation is not inhibited by the islMO. Coinjection
of Δisl-1 RNA and islMO partially restored the expression of the investigated marker genes.
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on mesodermal (Xbra) and endodermal (Sox17β, Xhex) marker
gene expression showing that Xisl-1 does not appear to play a
crucial role in establishing these germ layers. However, it
cannot be excluded that other markers of endoderm and/or
mesoderm may be regulated by Xisl-1. Wnt-11 expression (and
Xenopus Wnt-11R expression, data not shown) is not affected
by Xisl-1 loss of function. In isl-1−/− mouse embryos, Wnt-11
expression is abolished, which is most likely due to the fact that
hearts of these embryos lack the cardiac outflow tract wheremurine Wnt-11 is normally expressed. However, as in the
mouse, we did observe a reduction in BMP-4 expression levels.
Taken together, the RT-PCR and whole mount in situ analyses
clearly show the requirement of Xisl-1 for the normal expression
of cardiac marker genes.
Xisl-1 is required for vascular development
Since Xisl-1 is expressed in tissues from which vascular
progenitor cells arise (aortic arches, endocardium, lateral plate
Fig. 7. RT-PCR analyses of cardiac genes in islMO injected DMZ explants.
islMO was injected bilaterally into the dorsal marginal zone of 4-cell stage
embryos and RT-PCR was performed on single DMZ explants at st.14/15 or at
st.28 for eHand and cardiac actin (CA). Inhibition of Xisl-1 function results in the
downregulation of early cardiac specification genes whereas markers character-
istic for mesoderm and endoderm were unaffected. Downregulation of markers
was seen in X out of N (X/N) DMZ explants: GATA-4 (12/18), GATA-6 (11/15),
Tbx20 (12/15), Nkx2.5 (15/15), eHAND (2/3), CA (11/15), and BMP-4 (8/17).
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of the vascular system. Xmsr has been described as a marker for
cardiac and vascular endothelial cells (Devic et al., 1996). Xmsr
is expressed in multiple vascular structures such as the aortic
arches, the posterior cardinal veins, and the vascular vitelline
network. A comparison of the expression patterns of Xmsr and
Xisl-1 in horizontal sections shows that both factors are ex-
pressed in a highly similar pattern in the mesenchyme of the
pharyngeal pouches, as well as in cells of the lateral plate
mesoderm (Fig. 8A). Injections of islMO resulted in a dramatic
reduction of Xmsr expression in approximately 60% of the
injected embryos (Fig. 8B). In most of the cases the expression
of Xmsr was downregulated in the vascular vitelline network
and additionally we observed reduced expression of Xmsr in the
aortic arches. Interestingly, Xmsr expression in the posterior
cardinal vein appeared to be reduced only in the anterior region
of the embryo. A similar phenotype has been described for the
Hand2 knock-out mouse, in which the rostral vasculature is
more affected than the caudal vasculature (Yamagishi et al.,
2000). The specificity of the islMO phenotype was shown by
co-injection of Δisl-1 RNA and islMO, which restored the
expression of Xmsr (Fig. 8B). To verify the phenotype, we also
performed this assay using Ami as an additional marker gene for
the developing vascular system (Inui and Asashima, 2006). As
for Xmsr, the expression of Ami in the vascular vitelline net-work was downregulated after islMO injections in about 55% of
the analyzed embryos (Fig. 8C). The receptor tyrosine kinase
flk-1 is widely used as an early marker for the vascular system
but has also been discussed to label cells that have the potential
to give rise to multiple lineages of the cardiovascular system
(Motoike et al., 2003; Yamashita et al., 2005). Injections of the
islMO also resulted in a downregulation of flk-1 expression in
about 60% of the embryos with the phenotype being most
prominent in the aortic arches at stage 34 (Fig. 8D).
Taken together our data described herein demonstrate that
Xisl-1 is embedded in a transcriptional network required for
normal cardiovascular development.
Discussion
Heart development requires the coordinated function of
different signaling pathways that activate a complex network of
transcription factors resulting in the specification and differ-
entiation of cardiac cells. The data presented herein introduce
isl-1 as an additional marker to study developmental processes
in cardiogenesis, as well as in vasculogenesis in Xenopus.
Moreover, our characterization of a cardiac isl-1 expressing cell
population in an amphibian will have an impact on some current
views on the evolution of the second heart field as a source of
cardiac progenitor cells required for the development of the
right ventricle and pulmonary circuit, and being distinct from
cells of the primary heart field.
A second heart field in Xenopus
The multichambered vertebrate heart is the result of complex
and well-coordinated developmental processes. First, mesoder-
mal cells are specified to form two cardiac primordia, which
eventually fuse to form the linear heart tube. This heart tube
does not yet possess the size and all the cells to form the
different functional units of the mature heart. Consequently the
heart tube expands by proliferation and accretion of cells. Line-
age labeling studies showed that the cells that extend the heart
tube do not derive from the initial cardiac primordium, the
primary heart field but rather from adjacent tissues, for example
from the pharyngeal mesoderm (Kelly et al., 2001; Mjaatvedt et
al., 2001; Waldo et al., 2001; reviewed in Moorman et al.,
2007). The origin of these cells has subsequently been termed
SHF. Recently, isl-1 has become a widely used molecular
marker to demarcate this SHF. There is no doubt about the fact
that additional cells are incorporated into the extending heart
tube. Moreover, it has been shown that isl-1 expressing cardiac
progenitor cells migrate into the heart (Cai et al., 2003). Un-
fortunately, we currently lack lineage tracing data to specifically
determine the contribution of Xisl-1 expressing cells to particu-
lar heart components in Xenopus. It is still a matter of discuss-
ion as to whether there are indeed multiple discrete heart fields
as opposed to one primary heart field containing a mixed popu-
lation of cardiac progenitors that give rise to the multiple cardiac
lineages. Since the expression pattern of isl-1 is highly con-
served among chick, mouse and Xenopus (Yuan and Schoen-
wolf, 2000; Cai et al., 2003; this study), we conclude that the
Fig. 8. Xisl-1 is required for vasculogenesis. (A) Comparison of the Xisl-1 and Xmsr expression pattern. A horizontal section through the branchial arch region
(indicated by the dotted lines) shows the expression of Xisl-1 and Xmsr in the aortic arches. Further posterior both genes are expressed in the lateral plate mesoderm.
(B, C) islMO injections result in the downregulation of Xmsr (B) and Ami (C) expression in the vascular vitelline network (asterisk) and aortic arches. The expression
of Xmsr and Ami in the posterior cardinal veins was less or not at all affected. The effect on Xmsr expression could be at least partially rescued by co-injection of islMO
and Δisl-1 RNA (B). (D) Inhibition of Xisl-1 function also led to a downregulation of the early vascular marker flk-1. The phenotype was scored by comparing the
overall expression pattern of flk-1 in wildtype and islMO injected embryos, however, the reduction was most prominent in the aortic arches. aa: aortic arches; lpm:
lateral plate mesoderm; pcv: posterior cardinal vein; vvn: vascular vitelline network.
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the SHF of amniotes. An important finding of our study is the
fact that Xisl-1, together with Nkx2.5, is already expressed in
the cardiac crescent, the primary heart field in Xenopus. SinceTbx20 is also expressed in the cardiac crescent (Brown et al.,
2003), our data strongly support the notion that there is only one
heart field composed of cardiac progenitor cells that give rise to
various cardiac lineages (Abu-Issa et al., 2004; Meilhac et al.,
307T. Brade et al. / Developmental Biology 311 (2007) 297–3102004; van den Hoff et al., 2004; Moorman et al., 2007). We
need to note though that due to technical limitations of double
whole mount in situ hybridization we have not been able to
resolve the outstanding question if the cardiac crescent consists
of a single Xisl-1/Nkx2.5 positive cell population or of already
distinct Xisl-1 or Nkx2.5 positive cell populations.
Retrospective clonal analyses in mouse indicate that there are
two cell lineages, called first and second lineage, which arise
early from a common progenitor and contribute to distinct parts
of the heart (Meilhac et al., 2004). Furthermore, the authors
describe that these lineages differ in their temporally distinct
onset of terminal differentiation, with the second lineage, which
expresses isl-1, differentiating later. This is nicely seen in, for
example, the cardiac crescent of mouse embryos where isl-1
and myosin light chain 2a (mlc2a) are expressed in abutting cell
populations (Cai et al., 2003). Of note, the cell population that
demarcates the cardiac crescent in mouse can not be compared
directly with the cell population that demarcates the cardiac
crescent in Xenopus. Unlike in mouse, the cardiac crescent in
Xenopus does not contain cardiomyocytes that express terminal
differentiation markers, such as myosin light chain or troponin.
These start to be expressed at later stages, shortly before the
onset of linear heart tube formation. Thus, the cardiac crescent
in Xenopus is composed of an earlier cardiac progenitor popu-
lation, which can be analysed more easily than the equivalent
cell population in the cardiac crescent of mouse embryos.
Due to its expression in the cardiac crescent in Xenopus isl-1
should be considered a pan-cardiac marker as has also been
proposed by Prall et al. (2007) who showed by immunohis-
tochemistry that Isl-1 is expressed in regions that actually give
rise to the primary and the secondary heart field in mouse.
Consistent with the suggestion that isl-1 is a general marker for
cardiac mesoderm is the presence of chick isl-1 in early cardiac
progenitors at HH stage 4+, which renders this factor one of the
earliest markers for cardiac mesoderm (Yuan and Schoenwolf,
2000). In fact, the expression of isl-1 in the precardiac meso-
derm precedes the expression of Nkx2.5 in chick (Eisenberg,
2002). More evidence that isl-1 marks rather versatile cardiac
precursors comes from cell culture studies. Moretti et al. (2006)
demonstrated the existence of multipotent isl-1 progenitor cells
that can give rise to cardiac and smooth muscle, as well as to
endothelial cells.
In mouse, cells of the second heart field contribute mostly to
the outflow tract and the right ventricle with some contribution
to the atria and a minor contribution to the left ventricle. This
has raised the possibility that the SHF has evolved in amniotes
to give rise to the cardiac segments associated with the pulmo-
nary circulation, such as the right ventricle. However, it is
important to remind that, in contrast to amniotes, the amphibian
heart does not display a dedicated right ventricle to support the
pulmonary circuit. Moreover, the idea of simultaneous origin
for right ventricle and pulmonary circulation in amniotes is
unlikely because lungs are not an ‘invention’ of higher verteb-
rates since equivalent features are already present in primitive
bony fishes (Farmer, 1999). In this sense, it will be interesting to
establish whether fish also display an Isl-1 cardiac progenitor
population. However, in contrast to older actinopterygians,zebrafish has no lungs, suggesting that other fish species should
be investigated as well. Moreover, the isl-1 homologue in
Drosophila, tail-up (tup), is also required for the development
of the dorsal vessel, the simple tubular heart of the fly (Tao et
al., 2007; own observation). Tup mutants do not develop a
functional dorsal vessel because the absence of this factor
results in specification defects of cardiac cells.
Taken together, there is increasing evidence that a cardiac
isl-1 expressing cell population is required for building the
heart of the fruit fly, amphibians and amniotes.
Xisl-1 is required for normal cardiac gene expression and
heart morphogenesis
Consistent with a function during early cardiogenesis our
RT-PCR data show that Xisl-1 transcripts increase during gas-
trula stages, which is the time period when cardiac specification
occurs (Sater and Jacobson, 1989). It is noteworthy that there is
a maternal contribution of Xisl-1 and therefore the protein can
function in specification processes even before the onset of
gastrulation. It is equally important to mention that the maternal
Xisl-1 protein is not a target of the antisense morpholino oligo-
nucleotides. As a result we cannot exclude residual Xisl-1
function in islMO injected embryos. In consistence with its
cardiac expression, our loss-of-function analyses demonstrate a
functional role for Xisl-1 in heart development. Inhibition of
Xisl-1 affected normal looping of the linear heart tube and
resulted in smaller malformed hearts. This morphogenetic
defect could at least partially be due to the downregulation of
BMP-4 after islMO injections since BMP-4 has been shown
to be required for the looping process of the linear heart tube in
Xenopus (Breckenridge et al., 2001). Additionally, BMP-4 has
been shown to maintain Nkx2.5 expression and to promote
differentiation of cardiac progenitor cells (Shi et al., 2000;
Walters et al., 2001). Therefore, a downregulation of BMP-4
could affect expression of other cardiac marker genes as well.
The heart phenotype can also be attributed to the improper
specification of cardiac cells and/or to the diminished proli-
feration of cardiac precursors.
A requirement for Xisl-1 in the early cardiogenic network is
evident since expression of early cardiac marker genes, such as
GATA-4, GATA-6, Tbx20 and Nkx2.5, is downregulated after
islMO injections. It is known that transcription factors of the
early heart field can regulate each other, for example, mouse isl-
1 synergizes with Tbx20 to activate Nkx2.5 (Takeuchi et al.,
2005) and together with GATA-4 isl-1 activates Mef2c in the
secondary heart field (Dodou et al., 2004). Taken together these
findings demonstrate nicely that blocking the function of one
transcription factor results in the collapse of the cardiogenic
network.
Cell proliferation has been described as a mechanism for
cardiac growth, especially during the looping process of the
linear heart tube when, in Xenopus, the number of cells in the
central portion of the myocardium doubles (Mohun et al.,
2000). Since murine isl-1 has been shown to play a role in the
proliferation of cardiac precursor cells prior to their migration
into the heart (Cai et al., 2003), we wanted to determine if Xisl-1
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to the malformed hearts it was not possible to unambiguously
analyze a possible change in the proliferation rate in this region.
With respect to the whole heart, we observed a decrease in cell
number, as well as in proliferating cells and thus no statistically
significant change in the proliferation rate (data not shown).
Although Xisl-1 is clearly required for normal heart
development it is not sufficient to ectopically induce cardiogen-
esis, for example, in ventral marginal zone explants (data not
shown). The failure of ectopic induction of cardiac markers
could be due to the lack of co-factors, whose interactions with
Xisl-1 are needed to regulate its activity. However, overexpress-
ion of Xisl-1 in the heart region, where it could interact with
other endogenous cardiac transcription factors did not result in
an expansion of cardiac gene expression within the endogenous
heart field. It may be that possible interaction partners are
limited so that the mere overexpression of Xisl-1 has no effect.
Another issue is that we do not know yet whether Xisl-1 acts as
a transcriptional activator or repressor or as both depending on
the cellular context as has been shown for Tbx20 (Plageman and
Yutzey, 2004; Stennard et al., 2003).
In summary, the loss-of-function data show that Xisl-1 is
required for normal heart development by regulating cardiac
gene expression and morphogenesis of the heart.
Xisl-1 is required for vasculogenesis
It has been reported that the isl-1−/− mouse exhibits abnor-
malities in the organization of the vascular endothelium and this
was assumed to be a possible cause for the lethality in these
embryos (Pfaff et al., 1996). The expression of Xisl-1 in tissues
that are part of the vascular system, such as the endocardium,
the aortic arches and in cells of the lateral plate mesoderm,
initiated us to explore if Xisl-1 also plays a role in vasculo-
genesis. Vasculogenesis is in principle a two-step mechanism.
First, mesodermal cells are specified as endothelial precursors
(angioblasts). Subsequently these angioblasts proliferate and
coalesce and eventually form the endothelial tubes of the
developing vasculature. The effect of Xisl-1 loss-of-function on
the expression pattern of the vascular markers Xmsr, Ami, and
flk-1 demonstrates that Xisl-1 is required for the generation of
the vascular system. In the most dramatic cases expression of
Xmsr, Ami, and flk-1 was lost suggesting that Xisl-1 functions
in the specification of endothelial precursor cells. This con-
clusion is supported by the fact that endothelial progenitor cells
that give rise to the vitelline veins and the endocardium are
located immediately posterior to the cement gland (Walmsley et
al., 2002) where Xisl-1 expression is also detected. Another
phenotype was the failure of the existing angioblasts to coalesce
and to form the tubular system of the developing vasculature.
Previously published data demonstrate an essential role for the
secreted factor hedgehog in endothelial tube formation in avian
and mouse embryos and interestingly, isl-1 was shown to be
necessary for normal sonic hedgehog expression in foregut
endoderm in mouse (Vokes et al., 2004; Lin et al., 2006).
According to these data it can be hypothesized that Xisl-1
functions in vasculogenesis by regulating hedgehog signalling.The results of our loss-of-function data showing the down-
regulation of cardiovascular marker genes, as well as the ex-
pression pattern of Xisl-1 may indicate that isl-1 positive cells
are multipotent precursors of the cardiovascular system. A
recent publication by Moretti et al. (2006) demonstrates that
cells which co-express isl-1, Nkx2.5, and flk-1 have the potent-
ial to give rise to cardiac and smooth muscle, as well as to
endothelial cells. More specifically, isl-1 and Nkx2.5 expressing
cells are precursors for cardiac and smooth muscle lineages,
whereas isl-1 and flk-1 positive cells enter an endothelial line-
age. If the isl-1 expressing cells in Xenopus are indeed multi-
potent, we would like to suggest that unlike in mouse, in
Xenopus, the early cardiovascular progenitor cell is character-
ized by the expression of Xisl-1, Nkx2.5, and Xmsr instead of
flk-1. This is based on the fact that Xmsr expression is already
detected by whole mount in situ hybridization at early gastrula
stages and hence precedes expression of flk-1 by several hours
(Devic et al., 1996; Inui et al., 2006; Cleaver et al., 1997). The
data from Xenopus showing that injection of morpholinos
against Xmsr and its ligand Xapelin result in the loss of a car-
diac differentiation marker, as well as markers for the blood and
endothelial lineage (Inui et al., 2006) also provide evidence
for the presence of a cardiovascular progenitor cell popula-
tion. Taken together, the defects observed in the development
of the vascular system point to the requirement of Xisl-1 in
vasculogenesis.
In summary, we have characterized the cardiac expression of
Xenopus isl-1 with respect to the discussion of isl-1 being a
molecular marker for the SHF in higher vertebrates. According
to its early expression in the cardiac crescent together with
Nkx2.5 and to its cardiogenic role in an amphibian that lacks a
right ventricle, we believe that Xisl-1 can be considered a pan-
cardial marker. Clearly more analyses are necessary to further
characterize the role of Xisl-1, however, our data now introduce
Xisl-1 as a transcription factor that is part of the complex
signalling network that underlies cardiovascular development in
Xenopus.
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